Abstract. To describe statistical properties of solar coronal heating by microflares, nanoflares, and even smaller events, we consider a cellular automata model subject to uniform small scale driving and dissipation. The model consists of two elements, the magnetic field source supposed to be associated with the small scale hydrodynamic turbulence convected from the photosphere and local dissipation of small scale currents. The dissipation is assumed to be provided by either anomalous resistivity, when the current density exceeds a certain threshold value, or by the magnetic reconnection. The main problem considered is how the statistical characteristics of dissipated energy flow depend upon characteristics of the magnetic field source and on physical mechanism responsible for the magnetic field dissipation. As the threshold value of current is increased, we observe the transition from Gaussian statistics to power-law type. In addition, we find that the dissipation provided by reconnection results in stronger deviations from Gaussian distribution.
Introduction
Although photospheric convection may supply enough energy to heat the coronal plasma, the way the energy is dissipated in the corona is not completely understood (e.g. Einaudi & Velli 1994) . Parker (1988) suggested that the solar corona could be heated by the dissipation at many small scale tangential discontinuities arising spontaneously in the coronal magnetic fields braided and twisted by random photospheric footpoint motions. To emphasize these events, he introduced the notion of nanoflares. This idea stimulated the intensive search of observational signatures of microflares and nanoflares as well as many theoretical developments on the contribution of small scales to energy dissipation in the solar corona. Abramenko et al. (1999) studied the evolution of the vertical component of the current helicity of an active region magnetic field during a transition from a low flaring state to an enhanced one. They found that the reorganization of the vortex structure of the photospheric magnetic field occurs, i.e., small scale eddies are dissipated leading to an increase in the total twisting of magnetic structures. This phenomenon can be considered as the inverse cascade of the helicity. This leads to the hypothesis that the small scale magnetic loops can emerge from the turbulent convective zone. Although the footpoints of the loops are known to move randomly, the statistical properties of the motion are not known in detail. On a larger scale, it is also believed that the most energetic dissipative events occur in the vicinity of tangential discontinuities at the borders of the photospheric dipolar regions like bright spots. These sources create strong currents resulting in reconnection and flare-like events. Such eruptive events are related to magnetic energy releases, sudden changes of the magnetic field topology, and plasma heating. Another possible source of energy dissipation and coronal heating is provided by an anomalous resistivity resulting from current driven instabilities which are developed when the currents exceed a certain threshold value.
Send offprint requests to: V. Krasnoselskikh, email: vkrasnos@cnrs-orleans.fr A number of experimental studies were devoted to search for observational signatures of microflares, nanoflares, and smaller events. The results obtained can shed some light on the important problem concerned with the characteristic scale of the major dissipative events. Another direction of investigations is aimed at studying the distributions of solar flare parameters in order to find a reliable extrapolation towards lower energies. The statistical properties of the solar flares are characterized by frequency distributions of e.g. X-ray parameters, which are intensively studied (Datlowe et al. 1974; Lin et al. 1984; Crosby et al. 1993; Bromund et al. 1995; Crosby et al. 1998 ). Most of the Probability Distribution Functions (PDF's) were found to be of power-law type rather than Gaussian. Such power-law distributions with the indices of about −1.6 were found for several energy decades, 10 29 -10 32 ergs, typical for solar flares (Crosby et al. 1993; Bromund et al. 1995) . The distributions of the peak hard X-ray fluxes have similar properties, in addition, it was found that the power law PDF's can be extended with the same index to the range of hard X-ray microflares observed by Lin et al. (1984) . In the soft X-ray range, Shimizu (1997) found a similar energy distribution of soft X-ray transient brightenings with an index of about −1.8 for energies in the range 10 26 -10 29 ergs. More recently, the distributions of less energetic events have been investigated using SOHO and TRACE observations of EUV brightenings (see, e.g., Aschwanden et al. 2000a for a detailed review of the observational results). Some of the important results can be summarized as follows. From the observations of EUV micro-flares on the quiet Sun using SOHO/EIT and TRACE data, new estimates of the frequency distributions were obtained for these events for the energy range 10 24 -10 26 ergs (Benz & Krucker 1998; Berghmans et al. 1998; Parnell & Jupp 2000; Aschwanden et al. 2000a) .
Although the frequency distributions were found to have the tails that might be approximated by power laws, the statistics of the occurrence rate remains rather controversial because the estimates of the indices obtained are significantly different ranging from −1.35 to −2.5. Furthermore, to provide the explanation of the efficient coro-nal heating, it is necessary to have an excess in the occurrence rate of events in the energy range below 10 24 ergs as it was noticed by Aschwanden et al. (2000a) and by Benz & Krucker (1999) . This leads to the conclusion that the small scale phenomena are of particular importance, namely, the picoflares in the energy range 10 21 − 10 24 ergs that have not been observed yet.
Another approach based on the statistical analysis of bright points observed with EIT, CDS, and SUMER reveal the similar statistical properties, i.e., the intensity distribution was approximated by the χ-distribution for low intensities and for higher intensities it was shown to have non-Gaussian tail (Régnier et al. 1998) . Approximating the tail of the distribution of bright points at different temperatures by a power law, they evidenced that the index is less than −2 and that it can reach the values as low as −4.8. This result confirms the suggestion that the bright points can make a significant contribution to the coronal heating. Similar results were also obtained by Aletti et al. (2000) for the intensity distributions of transient brightenings seen at EUV wavelengths on the quiet Sun.
The idea of small scale intermittent behavior of dissipation was elaborated by several authors. Using an MHD approach combined with the reconnection in small scales, Einaudi & Velli (1982) investigated the dependence of the dissipated energy upon the scales. Different kinds of "fragmentation of dissipation" were discussed by Vlahos (1982) . Einaudi et al. (1996) and simulated 2D MHD systems driven by large scale forces and with diffusive dissipation. Their 2D simulations, driven by a pair of vortices with random phases and amplitudes, showed that the spatial average of the dissipated power had a non-Gaussian statistics. After subtraction of the Gaussian component, the dissipated events had a scaling law distribution.
The observed power-law distributions of the energy flux for the largest dissipative events, flares, and microflares inspired the development of models based on the idea of Self-Organized Criticality (SOC) (Lu & Hamilton 1991; Lu et al. 1993; Vlahos et al. 1995; Georgoulis et al. 1995; Georgoulis & Vlahos 1996 . Lu et al. (1993) and Georgoulis et al. (2001) compared the predictions of the models with the observations. SOC has appeared as a paradigm for slowly driven complex systems, which exhibit power-law-type relaxation events and correlations of infinite range (Jensen 1998) . These models are similar to the original "sandpile" model (Bak et al. 1988) , but the sand is replaced by the magnetic field flux. The dissipation occurs through small scale reconnection, when a "current," which is defined in terms of the difference between the field in a particular cell and the average over all nearest neighbors, exceeds some threshold. In these models, a perturbation in a single cell can trigger quite a large cascade of reconnections. This results in a power-law energy distribution of dissipative events and power-law spatial correlations. However, the interpretation of these results becomes ambiguous because a small grid size can result in an artificial form of the PDF's obtained. A heuristic justification of such models based on 2D MHD equations was proposed by Vassiliadis et al. (1998) . It is also worth mentioning that, using a shell model of MHD turbulence, Boffetta et al. (1999) discussed an alternative reason for a scaling law to appear.
Our model is also based on the idea of cellular automata. The problem to be addressed in the present work is whether the small scale magnetic fields generated in (or convected from) the photosphere, e.g. at the boundaries between granulas, can make a significant contribution to the coronal heating? We are mostly interested in the scales typical for nanoflares and even in smaller ones. In this case, the small scale source of the magnetic field and the energy dissipation have comparable characteristic spatial scales. Inertial interval as well as the energy cascade are not so important in such a model as for the conventional Alfvénic or MHD turbulence. But the system considered can possess the property of "the inverse cascade" thereby influencing the structure of the larger scale magnetic fields as is supposed to be the case in the SOC-type systems. In this paper we concentrate on the study of the dissipated energy flow, in particular, on the dependence of statistical characteristics of dissipated energy flow on the characteristics of the magnetic field source, and on the physical mechanism of the magnetic field dissipation.
2. Small scale driving and dissipation Fig. 1 . A schematic representation of the procedure used in our model to simplify magnetic field configuration.
We consider hereafter the sand-pile-type cellular automata, where sand piles are replaced by a magnetic field flux. In the model, the relaxation process consists in the dissipation of the magnetic field energy by means of the dissipation of currents, when their magnitudes exceed a certain threshold value, or due to the reconnection process.
In MHD approximation the evolution of the magnetic field is governed by
where B is the magnetic field, u is the fluid velocity of the plasma. Without the dissipative term, this equation describes the motion of the magnetic field lines frozen into the plasma. In this case, the reconnection is forbidden. When a finite conductivity σ is taken into account in the form of Ohm's law j = σ (E + u × B), where j is the current density, it gives rise to the diffusion effect. In Eq.
(1) the effect is described by a dissipative term η∆B, where η = 1/σµ 0 and µ 0 is the magnetic permeability of the free space. The diffusion time t η = l 2 /η is generally large forall scales but small where it is comparable with the typical time for fast reconnection. In this case it has the same order of magnitude as an Alfvén time t A = l/V A , where V A is the Alfvén velocity. It is worth mentioning that at small scales other dissipative effects can become important (see, e.g., Biskamp 1993) .
In the present study, we use a simplified cellular automata model mimicking Eq. (1).
Assume that the curvature of the magnetic field lines is negligible. Then, in each cubic column only the upper and lower faces should be considered, i.e., magnetic field lines are straight and perpendicular to the surface. In this case the equation ∇ · B = 0 is automatically satisfied (see Fig. 1 ). As a result, the fields on the lower and upper faces are equal, thus only one face will be considered. The 2D surface is then split into cells. In the most of simulations presented in the paper, the grids of 200 × 200 cells are used (unless otherwise stated). The boundary conditions are chosen to be periodic.
We investigate the statistical behavior of the system driven by a random and turbulent unipolar/dipolar sources. These sources are used to model the effects of turbulent magnetic field convection described by the first term on the right-hand-side in Eq. (1). Several types of sources and dissipative terms are considered.
Source terms
-An unipolar random source. The simplest source of magnetic energy is an uncorrelated process of zero mean, the values δB = 0 of which are randomly chosen from the set {−1, 0, 1}, all the values being equiprobable. In each time step the action of the source consists in adding random numbers from the set mentioned above to the previous values in the cell. The numbers are independently chosen for each cell. This procedure automatically ensures that δB = 0 for each cell. -A dipolar random source. Such a source can be made dipolar by dividing the grid into two parts. For the positive and negative parts of the grid the random numbers δB = 0 are chosen from the sets {−0.5, 0.5, 1.5} and {−1.5, −0.5, 0.5}, respectively. -A chaotic source. Turbulence is certainly not a completely random process, and some of its aspects can be simulated using deterministic models. The Ulam map provides one of the simplest examples of a generic chaotic system with quadratic non-linearity (see, e.g., Frisch 1995). The source δB in each cell evolves according to
where the initial values of δB 0 are randomly chosen from the interval [−1, 1]. In this case, all other δB n belong to the same interval. The action of the source is similar to the above described for random sources. -A Geisel map source. In physical systems, the source term may depend on the value of B itself. When the dissipation is absent, the magnetic field in each cell evolves according to the map
The initial values of B 0 are randomly chosen from the interval [−0.5, 0.5]. The systems like that are usually called Coupled Map Lattices (CML) (Kaneko 1992) rather than cellular automata. We use the source based on the Geisel map (Geisel & Thomae 1984) shown in Fig. 2 that results in such a type of systems. The fixed points of this map that are defined by B n = f (B n ) are metastable. As a result, an intermittency develops in the system, i.e., the dynamics is slow and regular in the vicinity of the fixed points of the map and fast and chaotic otherwise. As a consequence, the map exhibits anomalous (non-Brownian) diffusion of the magnetic field,i.e.
The hypothesis has been suggested that when the turbulence consists of convective cells, magnetic field lines exhibit a subdiffusive behavior (α < 1), which is, however, more complex than described above.
Dissipation criteria
The magnetic field dissipation provides the conversion of the magnetic energy into thermal energy and ensures the coupling between the magnetic field elements in our model. Phenomenologically, reconnection can be treated as a dissipation of small scale current sheets when the current density exceeds a certain threshold value (Somov & Syrovatsky 1977; Syrovatsky 1981 Syrovatsky , 1982 . If we neglect the displacement current, the current density can be calculated from Maxwell-Ampère's law ∇ × B = µ 0 j, the finite-difference form of which can be written as
where δ is the grid increment. For simplicity we let δ = 1 and µ 0 = 1. Currents are thus computed as local gradients, and supposed to be carried along the borders between the cells. It is seen that the discrete analog of the current continuity equation ∇ · j = 0 holds, i.e., the sum of incoming and outgoing currents is equal to zero for each node of the grid.
The mechanisms for the current dissipation are of two types.
-Anomalous resistivity, resulting in the momentum and energy exchange between electrons and ions by means of plasma turbulence rather than collisions (Galeev & Sagdeev 1979) . When an electric current exceeds a certain threshold value, plasma instabilities develop resulting in a turbulent state of the plasma and dissipation of the current. In particular, if the currents are perpendicular to the magnetic field, a modified Buneman instability or the instability of low-hybrid waves can develop. In our model the currents are simply annihilated whenever they exceed a certain threshold, |j| ≥ j max .
-Reconnection, that is interpreted as the rising and "burnout" of thin small scale current sheets separating domains with oppositely directed magnetic fields. The energy released is supposed to be transformed into the kinetic energy of accelerated charged particles. In their turn, these particles generate the electromagnetic radiation providing experimental signatures of the heating events. Hence, the following two conditions should be satisfied simultaneously,
where B and B ′ denote the magnitudes of the magnetic field in neighboring cells. The conditions like that are supposed to hold for conventional plane reconnection configuration with an X-point (Petchek 1964; Syrovatsky 1981) . Equation (2) results in the existence of currents that can significantly exceed the critical value.
When the current is annihilated, magnetic field values in both neighboring cells, B and B ′ , are replaced by 1/2(B + B ′ ), thus, the density of magnetic energy dissipated in a single event is given by
The procedure modeling the dissipation of currents is the same for both anomalous resistivity and reconnection. For each time step, the currents satisfying the dissipation criterion are dissipated till all the currents become subcritical (or have the same sign in the case of reconnection). Then, we proceed to the next time step and switch on the source. Indeed, dissipative processes are supposed to be faster than the driving ones. The total dissipated energy is calculated as a sum over all the dissipated currents for the time step considered.
To compare the effect of a single act of the magnetic field driver with that of the energy dissipation, we can analyze the spatial Fourier transform of the energy dissipation and the energy influx,
where
The last equation holds for the dissipation of the y-component of current. For x-component k x and k y should be interchanged. It is seen that the dependence of these two spectra on k x are quite different. For each fixed k y , the energy dissipation vanishes at k x = 0 and increases monotonously with the growth of |k x |, while the source of the magnetic field is maximum at k x = 0 and decreases with the increase in |k x |. It is worth noting that for large thresholds one act of dissipation takes place after a large number of actions of the magnetic field influx having on each step different phases, which are randomly distributed. This difference in the action of the magnetic field source versus dissipation introduces some intermediate scale in the k-space where the action of the source is approximately compensated by the action of energy dissipation. This characteristic value of k is closely related to the characteristic correlation length of the magnetic field spatial distribution. The growth rate of the magnetic field energy and the effective damping rate are non-vanishing almost everywhere in the k-space, but the growth rate dominates for small k's (large spatial scales) while dissipation dominates for larger k's (smaller spatial scales). Such a situation corresponds in terms of energy cascade to the "normal" direction of the energy flux, i.e., from large scales to smaller ones. It is also worth mentioning that using uniform driving results in an important difference between our model and conventional SOC models, where the extreme tenuousity of the driving is essential (Sornette et al. 1995) . This tenuousity makes the driver nonlocal, in the sense that it depends on the state of the whole system, as discussed by Vespigniani & Zapperi 1998.
Characteristic spatial scales
Dissipation mechanisms and their thresholds depend upon the parameters of the plasma of solar corona such as background magnetic field, density, etc. Since our model is aimed at describing local regions in the corona rather than the corona as a whole, it is quite natural to assume that the same dissipation criterion can be applied for each cell of the grid. Thus the question about the characteristic sizes of the dissipated currents arises. The observations and theoretical studies show that the scale of current sheets can be smaller than 1 km. The smallest scales, of about 10 m, which are considered by Einaudi & Velli (1999) , are associated with the current regions for the Petchek-type reconnection events. Let us estimate the characteristic scales of the dissipation events due to anomalous resistivity. Assuming that the resistivity is provided by the ion sound instability that have a quite small threshold, we can easily obtain
where L is a characteristic width of the current sheet layer, c is the speed of light, B is the characteristic magnitude of the magnetic field, n e is the plasma density, and c s = (T e /m i ) 1/2 = (m e /m i ) 1/2 v T e is the ion-sound velocity, T e is the electron temperature, v T e is the electron thermal velocity, m e,i are the electron and ion masses. Then
where ω pi is ion plasma frequency and β is the ratio of the kinetic to magnetic pressure. In the low corona, where β is supposed to be of the order of 1, we have L ≃ 300 m. This scale is significantly smaller than the spatial resolution of modern experimental devices. Moreover, using the angular scattering measurements of the electron density fluctuations, the smallest scale that can be resolved in the slow solar wind at 8R ⊙ is 6 km (Woo & Habbal 1997) .
Assuming that the linear structures expand radially as r, the structures at 1R ⊙ , where dissipation is supposed to occur, are of the order of 1 km.
Thus, until now, only macroscopic characteristics can be observed. The statistical microscopic models are aimed at reproducing the main features of these observations. In this paper we study the influence of the statistical properties of the magnetic field source, of the type of dissipation mechanisms and their thresholds on the macroscopic properties of the total flux of dissipated energy. This problem is related to the other ones. In particular, can the local mechanisms of dissipation result in long-range spatial correlations? In self-organized systems, the appearance of such correlations give rise to power law distributions of dissipated energy. Such properties may be caused by specific features of the source such as the deterministic chaos or non-Brownian diffusion.
Results
Preliminary results concerned with the influence of the type of magnetic field energy dissipation on statistical properties of the total radiation energy flux were presented by Podladchikova et al. (1999) . It was shown that the dissipated energy has approximately normal distribution when the source of the magnetic field is random and the dissipation is provided by anomalous resistivity. This result was obtained under the condition that the current density threshold for the dissipation to occur was moderate (j max = 5). Under the very same conditions, but for the dissipation due to reconnection, the non-Gaussian energy tails were observed as well as some other interesting features, in particular, large-scale spatial correlations of the magnetic field. This result seems to be quite natural because in this case some currents may exceed the critical value but not dissipate when the magnetic fields have the same direction in the neighboring cells (see Eq. (2)). The currents may grow up to larger magnitudes and provide more intensive energy releases in a single dissipative event and sometimes longer chains of these events. The large energy events are those that result in significant deviations from the Gaussian distribution.
Transient and stationary states
We have studied the dependence of the statistical properties of our system upon the dissipation threshold j max ranging from 0.01 to 300. To perform statistical analysis correctly, the averaging procedures should be carried out for the stationary state of the system. The transient time depends on the threshold.
If the dissipation is absent, the field in each particular cell would follow a Brownian motion under the influence of the random source. As a result, the magnetic field in each particular cell, as well as the average over the whole box, would have a Gaussian distribution with a growing variance, B 2 ∝ t. The currents exhibit the similar behavior, the current variance growing as j 2 (t) ≈ 2 δB 2 t, where for the random source δB 2 = 2/3. On the average, the current dissipates for the first time at a moment
This relationship also gives a characteristic time between two dissipation events that occur in the same cell in a stationary state. To obtain a reliable statistics, the simulation time should significantly exceed t S . Depending on j max , the simulations performed have 10 5 -10 6 time steps. Dissipation finally saturates the growth of the variance (see Fig. 3 )b, and a stationary state is reached. The average over the whole grid magnetic field B undergoes strong fluctuations but its time average is zero Fig. 3 )a. The average number n of dissipated currents at each time step can be estimated from the energy balance considerations. For a single time step, the energy input on a N × N grid is δE in ≃ N 2 δB 2 , while the dissipated energy is
Assuming that these currents are uniformly distributed over the grid, the characteristic distance between them is
Grid size effects
To investigate the grid size effects, we take grids consisting of 30 × 30-400 × 400 cells, the conditions of anomalous resistivity dissipation, and j max = 5. In this case we obtain the distributions that are very close to Gaussian for the largest grid. All the simulations were performed during 10 6 time steps. The results are shown in Fig. 4 for different sizes of the grid. For the grid 30 × 30, the distribution is nicely fit by a power law of index −3.1 for almost 3 energy decades. As the grid size is increased, the bulk of the distribution becomes closer to a Gaussian one, while the high-energy tail retains a power-law shape. For the grid 50 × 50 the power law shape of the tail is observed only for one energy decade, the estimate of the index being −2.9. For the grid 64 × 64 the power law tail is again shorter and the index is approximately equal to −4.3. For the grid 100 × 100 the distribution is practically indistinguishable from Gaussian in the whole energy range.
Eventually, for large grid size the whole distribution becomes Gaussian. This means that the character of spatial correlations is changed. For small grids, spatial correlations decay rather slowly so that they extend over the whole grid. With the growth of the grid size, the exponential tails of the spatial correlations appear yielding the correlation length smaller than the grid size. The fact that the power-law distributions transform into Gaussian with the increase in the size of the system considered has already been observed in some real sandpile experiments (Held et al. 1990 ) and in some forest-fire models (Grassberger 1991). Now we proceed to the discussion of simulation results for various unipolar and dipolar sources and for both dis-sipation criteria using sufficiently large grids to avoid unphysical effects. Simulations on a 200 × 200 grid were performed for 2 × 10 5 time steps and both types of dissipation (anomalous resistivity and reconnection). The distributions of dissipated energy due to anomalous resistivity with the thresholds j max = 5, 30, 100 are shown in Fig. 5 . Figure 6 represents the same PDF's but for dissipation provided by reconnection.
Random unipolar sources
The reason for PDF shown in Fig. 5c to be multiextremum is easy to understand. Since the dissipated energy in each event is of the form (j max + ε) 2 , where 0 < ε < 2, for large j max , the peaks separated by j 2 max appear. Assuming that ε is a uniformly distributed random variable, we can get that the width of the peak number K is of the order of K ε 2 . Hence, the discrete character of the PDF appears for the smallest values of the dissipated energy and large j max (see Fig. 5b-c) .
From Figs. 5 and 6, one can see that the smaller current threshold (as compared to the source amplitude) results in a PDF of dissipated energy that is close to normal. With the growth of j max , a high energy nonthermal tail appears. Although the average value of the dissipated energy does not depend upon j max , the deviations from Gaussian distribution in the tail increase with j max and are more pronounced for dissipation due to reconnection. The tail of the distribution in Fig. 5b can be approximated by the power law distribution with the index −0.8. For the dissipation due to reconnection, all three distributions have non-Gaussian tails of power-law type. With the increase of j max the tails become more extended and the index of the power-law distribution decreases. For j max = 5, 30, and 100 the estimates of the index are −1.9, −1.8, and −1.1, respectively. This signifies that the stronger deviations from Gaussian distribution appear for larger values of the threshold.
The formation of such a tail is not related to the increase of the correlation length, because the largest magnetic field correlation length is about 20 for moderate threshold, j max = 5, in the case of reconnection-like dissipation. Let us also notice that the average correlation length is smaller when anomalous resistivity dissipation is considered and decreases as j max increases (Podladchikova et al. 1999) .
The average number of dissipated currents decreases with the increase of the threshold. Indeed, it easily seen from Eq. (3) that for j max = 1 we have n N 2 = 4 3 ,
i.e., each current is dissipated at each time step and dissipative events occur almost everywhere on the grid thereby creating long range correlations. For large j max , the ratio n/N 2 becomes small, e.g., for j max = 100 we have n/N 2 ≃ 3 · 10 −4 that corresponds to the uncorrelated dissipative events with relatively small overlapping.
Thus, for large j max the dissipation is much faster than the action of the magnetic field source, i.e., the conditions of time scale separation are better satisfied. Fig. 7 , but for the reconnection-like dissipation. Threshold current is j max = 30.
Ulam map source
Despite the deterministic nature of the magnetic field increment δB, without dissipation the magnetic field in each cell exhibits a Brownian motion with Gaussian statistics after a large number of steps. Indeed, each δB has the same PDF with a finite variance. Thus, the dependence of the PDF upon the critical current and the dissipation mechanism have manifested itself in similar tendencies as random sources do. The PDF's for moderate critical current, j max = 5, are close to Gaussian, for j max = 30 the small deviations from Gaussian distribution begin to appear for high energies, and for j max = 100 there is clear evidence of the presence of the high energy suprathermal tail. The tail is much better pronounced for the dissipation due to reconnection. Figure 7 represents PDF obtained for the Ulam map, dissipation provided by anomalous resistivity, and j max = 5, 30, 100 as in Fig. 5 for random source. The only visible difference from Fig. 5 is the smaller width of the distribution. This is due to the lower value of the variance for the Ulam map distribution used in the simulation. The tails of the distributions for j max = 30 and 100 can be approximated by the power-law distributions with the indices −1.7 and −1.2, respectively. Figure 8 represents the PDF of the energy dissipation events for the reconnection-type dissipation and j max = 30. Again, the tail is better pronounced than in the case of anomalous resistivity dissipation. It has power-law shape, with the estimate for the index being equal to −1.
Geisel map lattice
Another source of the magnetic field is provided by the Geisel map. It was used as a source of the field rather than the increment of the field. As it was discussed above, this map exhibits anomalous (non-Brownian) diffusion. The growth of the magnetic field variance is slower than for Brownian motion . Such a behavior is called subdiffusive. As a result, the variance is smaller than for the random source. This causes some differences observed in the behavior of the PDF of the dissipated energy. If the dissipation is provided by anomalous resistivity, the PDF's obtained with this map and the random source are quite Figure 9 represents the PDF obtained for Geisel map and j max = 5, 30, and 100.
In Fig. 9 , we can see that the smaller current threshold (as compared to the source amplitude) results in a PDF of dissipated energy that is close to normal. With the growth of j max , a high energy nonthermal tail appears. The deviations from Gaussian distribution in the tail increase with j max . The tails of the distribution in Fig. 9bc can be approximated by the power law distribution with the indices −1.4 and −1.8, respectively. With the increase of j max the tails become more extended.
In this case the range of energies is a slightly less than for the Ulam map, the distribution being quite jagged, all the other features of the distributions seem to be similar. The discussed above effect of the fine structure of the distribution is again observed for j max = 100. Figure 10 shows the PDF obtained for the same Geisel map source, dissipation due to reconnection, and j max = 30. A pronounced tail of the distribution is evidenced thereby confirming the tendencies already observed for other types of sources. A difficulty that one encounters when analyzing such PDF's is illustrated in Fig. 10 . In  Fig. 10a , the PDF is represented in semi-logarithmic scale and the distribution seems to have an exponential tail. In Fig. 10b the same distribution is shown in the log-log representation, where the same tail can be treated as a powerlaw-type distribution with the index −3.1. This problem is related to the fact that the tail extends over a rather short range of about one energy decade. This problem will be treated in more detail elsewhere (Podladchikova et al. 2001) . Fig. 11 . Time evolution of the magnetic field variance observed in the simulations with random dipolar source, anomalous resistivity dissipation, threshold current j max = 230, and 100 × 100 cells. Fig. 12 . Magnetic field structure observed in the simulations with the dipolar random source, anomalous resistivity dissipation, and a threshold current j max = 5.
Dipolar source
When the effects due to the bi-polarity are modeled, the grid is split into two equal parts. For one half of the grid, the value of the magnetic field increment is chosen randomly from the set {−1.5, −0.5, 0.5}, for another half the set {1.5, 0.5, −0.5} is used. The global inhomogeneity of the dipolar source results in the formation of a strongly localized current layer in the transition region between the two parts of the system. The grid size is 100 × 100.
The dissipation provided by reconnection is not always able to stabilize the field growth. However, for dissipation due to anomalous resistivity a stationary state always exists. Further we consider only the case with anomalous resistivity dissipation.
The energy of the dipolar structure grows faster than in the unipolar case, and a stationary state is quickly reached. Figure 11 shows the magnetic field variance. The dipolar structure of the magnetic field is presented in Fig. 12 . This structure is stationary. Therefore the spatial correlations of magnetic field are long and quasistationary.
Such a system differs from the unipolar one with the random source. We observe, as could be expected, that the dissipation events are more intense within the transition region where the magnetic field changes its sign. In addition, in the dipolar case the position of the PDF peak value on the energy axis is significantly shifted towards high energies with the increase of the threshold. Such a property can be explained by the presence of the localized current layer in the vicinity of the neutral sheet. The characteristic dependence of the PDF's upon the dissipated energy in dipolar case displays a supra-thermal high energy tails which were not observed in the unipolar case with anomalous resistivity (see Fig. 13 ). The characteristic indices for j max = 50, 100, and 230 are approximately equal to −1.7, −1.9, and −2.3, respectively. For j max = 230, the time series of the dissipated energy is shown in Fig. 14 . 
Discussion and conclusions
To study coronal heating due to dissipation of small-scale current layers, we have performed a statistical analysis of a simple cellular automata model. The principal feature of our model is that the system is driven by small scale sources acting on the entire grid for each time step. The sources used are of the following types:
-random source for the magnetic field increment, -deterministic chaotic map (Ulam map that can be considered as a "naive" version of the Navier-Stokes equation); -Geisel map (coupled map lattice) that exhibits anomalous (non-Brownian) diffusion.
We consider two criteria for dissipation to occur. The first criterion, which we use to model anomalous resistivity dissipation, requires that any local current with the magnitude exceeding a pre-determined threshold value must dissipate. According to the second condition, which is used to model the reconnection, the dissipation occurs when the above mentioned condition is satisfied and in addition the neighboring magnetic field vectors have opposite signs.
The characteristic under investigation is the total energy of all simultaneously dissipated currents.
Our observations can be summarized as follows. Small scale magnetic field sources and localized energy dissipation mechanisms can result in large scale correlations of the magnetic field. In our calculations, the energy sources dominate in larger scales while the dissipation in the smaller ones. Thus, the system behaves as having the energy cascade from large scales to smaller ones. However, during the evolution of the system, large scale correlations are formed with a characteristic length significantly larger than that of the source and dissipation.
For all three types of the magnetic field sources considered, the obtained PDF of the dissipated energy is close to Gaussian distribution when relatively small threshold currents, j max < 10, are chosen. The dependence of the PDF of the dissipated energy upon statistical properties of the source for all three types of the sources considered is rather weak and requires an additional thorough analysis to be revealed.
In the case of reconnection type dissipation, the deviations from Gaussian distribution are stronger than for anomalous resistivity dissipation. For large values of the threshold current density, we observe a high-energy suprathermal tail which have the shape similar to powerlaw distribution. The time-averaged spatial correlations are exponentially decaying. In this sense our model can not be considered as a self-organized critical system. However, sometimes large scale correlations are observed.
For the reconnection type of dissipation, the effect of the inhomogeneity of the magnetic field source, which was used to model bi-polar regions, results in the nonstationary behavior without saturation. For the anomalous resistivity dissipation, the increase of the threshold results in stronger deviations of the PDF from Gaussian distribution. This effect is related to the localization of the dissipation within the current layer. The spatial correlations of the magnetic field become large due to the presence of the localized current layer in the system.
Our model resembles the behavior of the small scale bright points observed by Benz & Krucker (1998) . Deviations from Gaussian distribution in the high energy tail were found. They correspond to relatively large scale intense events accompanied by the evaporation of the matter. On the other hand, the averaged and small scale events, which are not accompanied by the evaporation, were found to have PDF close to Gaussian. Benz & Krucker (1999) called these events eruptive and noneruptive bright points, respectively. From our viewpoint, the difference between these two kinds of bright points can result from the difference of the dissipation mechanisms involved as was observed in our simulations.
